In amyotrophic lateral sclerosis (ALS), repeater F waves are increased. Accurate assessment of repeater F waves requires an adequate sample size. Methods: We studied the F waves of left ulnar nerves in ALS patients. Based on the presence or absence of pyramidal signs in the left upper limb, the ALS patients were divided into two groups: One group with pyramidal signs designated as P group and the other without pyramidal signs designated as NP group. The Index repeating neurons (RN) and Index repeater F waves (Freps) were compared among the P, NP and control groups following 20 and 100 stimuli respectively. For each group, the Index RN and Index Freps obtained from 20 and 100 stimuli were compared. Results: In the P group, the Index RN (P = 0.004) and Index Freps (P = 0.001) obtained from 100 stimuli were signifi cantly higher than from 20 stimuli. For F waves obtained from 20 stimuli, no signifi cant differences were identifi ed between the P and NP groups for Index RN (P = 0.052) and Index Freps (P = 0.079); The Index RN (P < 0.001) and Index Freps (P < 0.001) of the P group were signifi cantly higher than the control group; The Index RN (P = 0.002) of the NP group was signifi cantly higher than the control group. For F waves obtained from 100 stimuli, the Index RN (P < 0.001) and Index Freps (P < 0.001) of the P group were signifi cantly higher than the NP group; The Index RN (P < 0.001) and Index Freps (P < 0.001) of the P and NP groups were signifi cantly higher than the control group. Conclusions: Increased repeater F waves refl ect increased excitability of motor neuron pool and indicate upper motor neuron dysfunction in ALS. For an accurate evaluation of repeater F waves in ALS patients especially those with moderate to severe muscle atrophy, 100 stimuli would be required. 
INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is an idiopathic, fatal neurodegenerative disease of human motor system, and it includes the participation of other systems, such as sensory system, autonomic system, and basal ganglia. [1] [2] [3] There is no highly effective disease-modifying treatment. The median survival is 3-4 years from symptom onset and there is considerable variation in progression rate overall. [3, 4] An electromyography (EMG) examination can be used to detect subclinical involvement of lower motor neurons (LMNs), which is diagnostically most useful in the presence of upper motor neuron (UMN) signs within the same territory. [5, 6] During the early course of the disease, patients may lack overt clinical signs of an UMN lesion. In the later stages, severe LMN involvement may mask previously existent UMN signs. [7] Early diagnosis of the disease is important for proper management of ALS patients.
The F wave is a late muscle response which results from antidromic activation of one or a small number of motor neurons following peripheral nerve electrical stimulation of their axons. [8] In routine EMG examinations, 10-20 F waves are commonly used. Consecutively recorded F waves vary in latency and amplitude. F waves can be useful for the evaluation of motor neuron pool integrity and changes in alpha motor neuron excitability in central motor disorders. [9, 10] One electrophysiological expression of the excitatory state of the motor neurons could theoretically be their tendency to produce repeated backfi rings. [11] In neurogenic abnormalities such as motor neuron disease, an increased number of repeater F waves have been demonstrated. [12] However, in ALS, the F wave persistence was low due to reduction of the number of motor neurons, sometimes, no F response was recorded in a routine series of 20 F responses even in some apparently normal muscles. The clinical signifi cance of repeater F waves as a sign of UMN dysfunction has not been fully evaluated so far. The aim of this study was to assess the clinical signifi cance of repeater F waves in ALS and investigate the effects of different F wave sample sizes on the accuracy of the information obtained from ALS patients.
METHODS

Subjects
Fifty patients, 27 males and 23 females with mean age 49 ± 7 years (range 36-64), diagnosed as having defi nite, probable, or laboratory-supported probable ALS using the revised EI Escorial criteria, [13] were studied. The median duration of ALS patients from symptom onset was 14 months (range 3-72). Twenty-five age-and gender-matched healthy subjects, 13 male and 12 female recruited from the family members of the patients and faculty members were used as controls. Their mean age was 51 ± 7 years (range 41-62). Subjects with diseases such as cervical myelopathy, multifocal motor neuropathy and entrapment neuropathy etc., were excluded by appropriate examinations. Patients with diabetes mellitus, alcohol abuse and other systemic or neurological diseases were excluded from the study. At the time of the investigation, none of the ALS patients were taking riluzole or antispasticity drugs.
We defi ned UMN signs in the upper limb by the presence of spasticity, increased tendon refl exes, reserved tendon refl exes in weak limbs or a positive Hoffman sign. The investigation was focused around left abductor digiti minimi (ADM), because of split-hand syndrome in ALS. [14] The patients were divided into two groups according to the presence or absence of pyramidal signs in the left upper limbs. The group with pyramidal signs in the left upper limbs was designated as the P group and the group without pyramidal signs in the left upper limbs was designated as the NP group.
Nerve conduction studies
A Viking IV EMG machine (Nicolet Biomedical, Madison, Wisconsin, USA) performed the electrophysiological studies. Routine nerve conduction studies included motor and sensory conduction studies of the median, ulnar, tibial and peroneal nerves. Particular emphasis was paid to exclude the possibility of conduction block by applying proximal stimulation of median and ulnar nerves in axilla and Erb's point and by comparing amplitudes of compound muscle action potential (CMAP) responses between different stimulation sites. Motor conduction parameters included measurements of peak to peak amplitude of CMAP, distal motor latency (DML) and motor conduction velocity (MCV). Measurements of peak to peak amplitude of sensory action potential and sensory conduction velocities were recorded in sensory conduction studies. Nerve conduction studies were compared with normal values of the neurophysiology laboratory of Peking Union Medical College Hospital. [15] F wave studies
The examination was performed in a warm room. All subjects were examined in a supine position as relaxed as possible to avoid voluntary activity. The skin temperature of the examined limb was measured and maintained >32°C by covering them with a blanket. A hundred consecutive stimuli with a frequency of 1 Hz and duration of 0.1 ms were delivered to ulnar nerves using supramaximal surface stimulation. A belly tendon, silver electrode, surface montage was used to record ADM responses. Ulnar nerves were stimulated at the wrist, 6-7 cm from the proximal active recording electrode on the ADM. Filter settings were 20 Hz to 2 kHz, amplifi er gain was 0.5 mV for F waves and 5 mV for M responses. In order to differentiate responses from background noises, only defl ections that had amplitudes of at least 40 μV were accepted as F waves. The late components of M responses and A waves were excluded from F wave measures. F waves similar in latency, amplitude and confi guration, were defi ned as repeater F waves from a given neuron, called a repeating neuron (RN). We analyzed the number of individual repeater F waves using Index RN and the number of F waves that repeat using Index repeater F waves (Freps). Index RN = 100 × number of RN/number of traces with different F wave shapes in a series of 100 stimuli. Index Freps = 100 × number of repeater F waves/ total numbers of traces with F waves in the same nerve. [11] The number of repeater F waves were evaluated from the series of 20 and 100 consecutive sweeps respectively. To simulate the procedure in routine recordings, F waves following 20 stimuli were not randomly selected but were taken from the fi rst 20 samples of each series of 100 F waves. The numbers of repeater F waves following 20 and 100 stimuli were compared.
All procedures were done according to the protocols approved by the Ethical Committee of Clinical Research of Peking Union Medical College Hospital and adhered to the principles of the declaration of Helsinki. All ALS patients and control subjects provided their written informed consent to participate in the study.
Statistical analysis
Descriptive statistics were generated for all variables. The Shapiro-Wilk test was used to estimate the probability that the data being analyzed present a normal distribution. The homogeneity was tested using a Levene test. For data that were not normally distributed even after data transformation, nonparametric statistical comparisons were performed. The Kruskal-Wallis test was used for multiple group comparisons and the Mann-Whitney test was used to examine comparisons between two groups. The Bonferroni method was used, and the P value was then corrected for type 1 error due to multiple comparisons. A statistically signifi cant P value was set at 0.05. All statistical analyses were performed using SPSS for windows, version 21 (SPSS, Inc., Chicago, Illinois, USA).
RESULTS
For the 75 ADM muscles examined, there were 25 ADM muscles in the P, NP and control group respectively. Motor conduction studies were consistent with anterior horn diseases in all patients. The DML of the ALS patients were signifi cantly prolonged compared with the controls (P < 0.001). The mean ulnar CMAP values of the ALS patients were signifi cantly lower compared with the controls (P < 0.001). The mean MCV of the ALS patients were signifi cantly slower than the controls (P = 0.002). There were no signifi cant differences between the P and NP groups for DML (P = 0.64), CMAP (P = 0.093) and MCV (P = 0.091) [ Table 1 ]. There was no conduction block or CMAP temporal dispersion in the 75 ulnar nerves examined. The sensory nerve conduction results were normal.
In the P group, the Index RN (P = 0.004) and Index Freps (P = 0.001) obtained from 100 stimuli were signifi cantly higher than from 20 stimuli. In the NP group, there were no signifi cant differences between the Index RN (P = 0.244) or Index Freps (P = 0.183) obtained from 20 and 100 stimuli. In the control group, the Index RN (P = 0.02) and Index Freps (P = 0.018) obtained from 100 stimuli were signifi cantly higher than from 20 stimuli. For F waves obtained from 20 stimuli, no signifi cant differences were identifi ed between the P and NP groups for Index RN (P = 0.052) and Index Freps (P = 0.079); The Index RN (P < 0.001) and Index Freps (P < 0.001) of the P group were signifi cantly higher than the control group; The Index RN (P = 0.002) of the NP group was signifi cantly higher than the control group; There was no signifi cant difference between the NP and control groups for the Index Freps (P = 0.023). For F waves obtained from 100 stimuli, the Index RN (P < 0.001) and Index Freps (P < 0.001) of the P group were signifi cantly higher than the NP group; The Index RN (P < 0.001) and Index Freps (P < 0.001) of the P group were signifi cantly higher than the control group; The Index RN (P < 0.001) and Index Freps (P < 0.001) of the NP group were signifi cantly higher than the control group [ Figure 1 ]. The maximum number of individual repeater F waves have required at least 80 stimuli in 90% ALS patients of the P group, 67% ALS patients of the NP group and 82% subjects of the control group.
The absence of F waves in a series of 20 stimuli was noted in the left ulnar nerves of 7 ALS patients with the relative preservation of CMAP. For the 7 patients, the strength of the distal upper limb with moderate to severe muscle atrophy ranged from 2 to 4 grades according to the Medical Research Council scale. The CMAP amplitude of the 7 ALS patients were signifi cantly lower than the other 43 ALS patients (P = 0.002). Four patients belonged to the P group while the other 3 patients belonged to the NP group. There ‡ Parameters in the P group which were signifi cantly different from the control group (P < 0.05); § Parameters in the NP group which were signifi cantly different from the control group (P < 0. was no signifi cant difference between the 4 patients in the P group and the 3 patients in the NP group for disease duration and CMAP amplitude. In the following 80 stimuli, a number of F waves were recorded with increased repeater F waves in left ulnar nerves of the 4 patients in the P group, while none or just 1 F wave was recorded in the left ulnar nerves of the 3 patients in the NP group [ Table 2 , Figures 2 and 3] .
DISCUSSION
The role of repeater F waves in UMN lesions has not been fully evaluated because previous studies have compared patients with normal subjects and have mostly employed 10-20 supramaximal stimuli to obtain F waves so far. [11, 12] In the present study, an adequate number of F waves were employed to investigate relatively accurate F wave properties. The results of the nerve conduction study identified signifi cantly decreased CMAP, prolonged DML and slowed MCV of the ALS patients compared with the control group, which were consistent with previous studies. [9, 16] In ALS, despite the fall in overall F wave frequency, there are signifi cantly increased numbers of RNs and repeater F waves. These features probably refl ect a heightened degree of excitability within spinal motor neuron pool as a result of UMN involvement. [17] Our study exhibits that in ALS, an increased number of repeater F waves have been attributed to a decreased number of motor neurons that are capable of responding to antidromic stimulations and to an increased level of excitability of anterior horn cells.
The present study demonstrated that in a series of 20 stimuli, there was no signifi cant difference between repeater F waves in the P and NP group, while in a series of 100 stimuli, there were signifi cantly increased repeater F waves in the P group than the NP group. What's more, the repeater F waves obtained from 100 stimuli were signifi cantly increased than from 20 stimuli in the P group and the controls. Different sample sizes are needed for evaluation of different F wave parameters and for normal subjects and neuropathic patients. [18] More stimuli would increase the number of individual repeater F waves, and accurate evaluation of repeater F waves would require at least 100 stimuli. [19] The required number may be higher in patients with diseases causing a depletion of motor axons or motor neurons. In patients with neuropathies, larger sample size of F waves may be required than normal subjects. [18] There is a potential risk of producing false negative or false positive results if an inadequate sample size is employed. [18] In our study, F response was absent in a routine series of 20 F responses in some patients, however, in the following 80 stimuli, a number of F waves were recorded with increased repeater F waves in the 4 ALS patients of the P group. The F wave persistence may be infl uenced by many factors such as nerve conduction block, reduction in the number of motor neurons and axons as well as transient impairment of motor neuron excitability. [20] ALS is pathologically characterized by proximal neurofi lamentous swelling within the axons of motor neuron. [21] [22] [23] Some ALS patients showed transitory conduction blocks, increased temporal CMAP dispersion, or prolonged DML and F wave latencies which mimic a demyelinating neuropathy. [24] Previous studies reported "pseudo-conduction block" due to ongoing Wallerian degeneration in ALS. [24] Larger sample size can help clarify the pathophysiology of F wave disappearance in the routine 20 stimuli in ALS and differentiate ALS from some diseases with symptoms similar to ALS, such as multifocal motor neuropathy, endocrinopathies, paraneoplastic syndromes and cervical spondylosis. [17, 25] F wave is suitable as a probe for changes in the spinal cord excitatory state. [26] In moderate to severe atrophy, UMN signs can be masked by LMN signs. Increasing the number of stimuli to obtain repeater F waves can give hints for additional central pathology in individual cases and provide information for differential diagnosis especially when F waves are absent in the routine 20 stimuli. For our study, patients with pure LMN dysfunction such as Kennedy's disease, spinal muscular atrophy, paralytic poliomyelitis etc., may be more qualifi ed as the controls. However, such patients with a matched age and disease duration are diffi cult to fi nd in our study.
On the basis of our study, the usually recommended sample size of 10-20 was inadequate for the assessment of ALS patients, if full potentials of F wave parameters especially repeater F waves were to be explored. An adequate number of F waves can ensure a better and more reliable exploration of motor neuron pool by F waves in ALS.
